Abstract Predicting the prognosis of comatose, postcardiac-arrest patients is a complex problem in clinical practice. There are several established methods to foretell neurological outcome; however, further prognostic markers are needed. HSP70 (HSPA1A), which increases rapidly in response to severe stress (among others after ischemic or hypoxic events), is a biomarker of cell damage in the ischemic brain and spinal cord. We hypothesized that HSP70 might be a reliable predictor of mortality in post-cardiacarrest patients. The aim of this study was to analyze the role of extracellular HSP70 in the systemic inflammatory response over time, as well as the predictive value in cardiac arrest patients. Here, we show that the elevation of HSP70 levels in resuscitated patients and their persistence is an independent predictor of 30-day mortality after a cardiac arrest. Forty-six cardiac arrest patients were successfully cooled to 32-34°C for 24 h, and followed up for 30 days. Twenty-four patients (52.2 %) were alive by the end of follow-up, and 22 patients (47.8 %) died. Forty-six patients with stable cardiovascular disease served as controls. Extracellular HSP70 (measured by ELISA in blood samples) was elevated in all resuscitated patients (1.31 [0.76-2.73] and 1.70 [1.20-2.37] ng/ml for survivors and nonsurvivors, respectively), compared with the controls (0.59 [0.44-0.83] ng/ml). HSP70 level decreased significantly in survivors, but persisted in non-survivors, and predicted 30-day mortality regardless of age, sex, complications, and the APACHE II score. Extracellular HSP70 could prove useful for estimating prognosis in comatose post-cardiac-arrest patients.
Introduction
Within the heat shock protein (Hsp) family, HSP70 (HSPA1A) is a structurally and functionally conserved protein in evolution. It is ubiquitous in all organisms, from archaebacteria and plants to humans (Daugaard et al. 2007 ). HSP70 plays multiple roles in cellular homeostasis. Its level increases rapidly in response to various types of severe stress, as a protection against a subsequent, nearlethal, ischemic or hypoxic event (Hecker and McGarvey 2011) . Besides, it is involved in the folding of proteins, their transport between cellular compartments, and in the breakdown of the irreversibly damaged ones. Previously, human heat shock proteins were regarded as obligate intracellular molecules that essentially contribute to survival by acting as molecular chaperones. Subsequently, HSP70 has been detected also in the circulation, in the extracellular space, and its presence has been demonstrated in the serum of healthy individuals (Pockley et al. 1998 ). HSP70 could be passively released from necrotic cells, and actively excreted by a non-classical secretory pathway. The mechanisms of HSP70 release have been extensively reviewed recently (Asea 2007) .
Additionally, extracellular HSP70 was considered among the intercellular signalling regulators of inflammation (Henderson and Pockley 2010) . Extracellular HSP70 is involved in antigen presentation, the immune response, and in signalling the pattern of danger within the extracellular space. Elevated HSP70 in the serum or tissues appears to be a nonspecific indicator of organ ischemia or dysfunction. HSP70 is valuable as an immediate, secreted biomarker of critical, ongoing cellular ischemia in brain and spinal cord ischemia models (Hecker and McGarvey 2011) . Our work group demonstrated previously that serum HSP70 levels are associated with disease severity in chronic heart failure patients, but did not find correlation between HSP70 and CRP, TNF-alpha or IL-6 (Gombos et al. 2008) .
Cardiac arrest causes generalized ischemia/hypoxia, and subsequent resuscitation inflicts reperfusion injury. This process initiates a complex series of events, known as the post-cardiac arrest syndrome. Although all the organs are damaged by hypoxia, cerebral injury occurs first, because the ischemia tolerance and metabolic reserve of the brain are minimal, and hence its functions are greatly dependent on blood flow. Ischemia and reperfusion injury cause intense stress in the brain by multiple pathways, including oxidative stress, microvascular injury, excitotoxicity, blood-brain barrier dysfunction, postischemic inflammation initiated by neuronal, glial and endothelial cell death, or apoptosis. Reliable biomarkers of brain ischemia and of reperfusion injury are the S100 protein B (S100B), and the neuronspecific enolase (NSE); a strong correlation exists between these markers and in the prognosis of post-cardiac-arrest patients (Shinozaki et al. 2009 ). Recently, Hecker et al. reviewed the potential of HSP70 as a biomarker for the rapid detection of brain and spinal cord ischemia (Hecker and McGarvey 2011) . Elevated serum HSP70 levels of patients with severe traumatic brain injury predicted death within 20 h after injury (da Rocha et al. 2005) . Based on the foregoing, we hypothesized that HSP70 might prove not only a reliable biomarker of neuronal damage, but also a good surrogate of endothelial-cell activation and death, as well as of inflammatory reaction in post-cardiac-arrest patients. We further assumed that as an integrative marker of stress, HSP70 could be an independent predictor of mortality in these critically ill subjects. Accordingly, the aim of the present study was to describe the HSP70 response in post-cardiac-arrest patients undergoing mild hypothermia treatment and to analyze its association with overall survival and the levels of biomarkers of endothelial-cell activation, acute-phase reaction, and inflammation.
Materials and methods

Patient population
We performed a prospective, observational study of 46 consecutive comatose patients successfully resuscitated after an out-of-hospital or an in-hospital cardiac arrest. The study was carried out in compliance with the Helsinki Declaration. The study protocol was approved by the local Institutional Review Board (TUKEB), and written informed consent was obtained from the closest relative. All patients aged 18 years or older were eligible for inclusion, if they met the following criteria: comatose (Glasgow Coma Scale score ≤6) after the return of spontaneous circulation, and undergoing coronary angiography, or a percutaneous coronary intervention (PCI). Pregnant women were excluded along with the patients who received thrombolytic therapy, or needed at least double vasopressor support due to refractory cardiogenic shock.
Control population
A total of 46 control patients were selected for HSP70 measurement. All control patients suffered from stable cardiovascular disease. The samples of control patients were collected in the framework of another study being conducted at the Heart Center, Semmelweis University, and a subset (n=46) was selected (according to age and gender) for HSP70 measurement. We selected controls of matching gender and age (±2 years) before measuring HSP70. The control patients had no prior cardiac arrest, and did not receive hypothermia treatment. Venous blood samples were obtained from the control subjects. Blood samples (native and EDTA) were centrifuged within 2 h, for 15 min, at 2,000×g and 25°C; the samples were stored at −80°C until analysis.
Management of patient population
All patients were admitted to the Intensive Care Unit of Heart Center, Semmelweis University (Budapest, Hungary) between 2009 and 2011. Coronary angiography and, when necessary, a PCI was performed before admission to the ICU. All patients were managed according to the locally adopted intensive care protocol. All patients were cooled to 32-34°C by the rapid infusion of 30 ml/kg body weight cold (4°C) Ringer lactate solution, followed by external cooling using a water-circulating blanket (Blanketroll III; Cincinnati Subzero Medical Division, Cincinnati, OH, USA). Body temperature was monitored continuously with an esophageal temperature probe (401CSZ: esophageal thermoprobe; Cincinnati Subzero), and maintained at 32-34°C for 24 h, followed by re-warming at a rate of 0.25-0.33°C/h to normothermia (defined as core temperature ≥37°C).
Data collection and blood sampling of patient population
Demographic, pre-hospital and admission data were collected and then, clinical data were recorded continuously. APACHE II (Acute Physiology and Chronic Health Evaluation II) (Knaus et al. 1985) , and SAPS II (Simplified Acute Physiology Score II) (Le Gall et al. 1993 ) severity scores were calculated retrospectively, based on clinical data from the initial 24 h. We recorded all complications during the in-hospital period, and categorized them as follows: infection (n=12 pneumonia, n=9 bronchitis, n=1 pyelonephritis), sepsis (according to the American College of Chest Physicians and the Society of Critical Care Medicine; Bone et al. 1992) , ischemia (n=3 extremities, n=2 mesenterial, n=1 combined), and bleeding (n=4 puncture-related, n=3 pharyngeal, n = 2 gastrointestinal, n = 1 resuscitationassociated). The Cerebral Performance Categories scale was administered at discharge, as well as survival data were recorded at discharge and at 30 days. On admission to the Intensive Care Unit (0 h), as well as 6 and 24 h later, blood samples were drawn from the arterial catheter. All patients received antithrombotic and anticoagulant therapy at 0, 6, and 24 h; contrast media was used only during angiography. Blood samples (native and EDTA) were centrifuged within 2 h, for 15 min, at 2,000×g and 25°C; the samples were stored at −80°C until analysis.
Measurement of biomarkers
We measured the levels of HSP70 in the sera with the DuoSet IC ELISA Development System assay from R&D Systems (Minneapolis, MN, USA; Cat. No. DYC1663E), with a minor modification. We use the term 'HSP70' as a synonym for HSPA1A under the new nomenclature (Kampinga et al. 2009 ). TNF-alpha 1 , sICAM-1 1 ,S100B 2 , and big Endothelin 3 were measured using commercial enzyme-linked immunosorbent assays according to the manufacturer's instructions (R&D Systems (1); Biovendor Modřice, Czech Republic (2), and Biomedica Wien, Austria (3), respectively). von Willebrand factor (vWF) was measured by in-house ELISA, using rabbit-anti-vWF antibodies (unlabeled and HRP-labeled' DakoCytomation, Glostrup, Denmark). HSP70, TNF-alpha, sICAM-1 and S100B were measured in serum, while vWF was measured in EDTA plasma. CRP and total protein were determined by Roche Integra 800.
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 5.0 (GraphPad Software, La Jolla, CA, USA), and SPSS v13.0 (SPSS Inc., Chicago, IL, USA). Data are presented as median, with 25th and 75th percentiles and range in the box-and-whisker plots, because of their non-normal distribution. Changes over time were analyzed with the repeatedmeasures test (Friedman ANOVA), and Dunn's post hoc test. Spearman's rank correlation coefficients were calculated to estimate the relationship of HSP70 and other variables.
Continuous variables were compared between the two groups by Mann-Whitney's U-test, whereas categorical variables with Pearson's chi-square test. Survival was plotted according to the Kaplan-Meier method, and differences in survival between the groups were compared with log-rank tests. Univariate Cox proportional hazard regressions were calculated to predict mortality. Thereafter, HSP70 was fitted to multivariate Cox regression models, to assess the effect on survival after adjustment for age, sex, APACHE II score, complications, and all other biomarkers. The results of the Cox regression models are presented as hazard ratios standardized for the 1 SD increase of the predictors, complete with the corresponding 95 % CI, Wald chi-square, and p values of the likelihood ratio tests. Missing data were infrequent and were substituted with mean values of the appropriate group. The power of the relationship between HSP70 level and mortality was sufficient (p=0.9, alpha=0.05), as regards the log-rank test, and (p=0.8, alpha=0.05) the comparison of the mean HSP70 levels between survivors and non-survivors. Two-tailed p values were calculated, and the significance level was set at p<0.050.
Results
Baseline characteristics of the patient population
A total of 46 comatose patients were enrolled after a cardiac arrest. Twenty-two of them died within the first 30 days (non-survivors). The demographic data, clinical characteristics, and comparisons of the survivors and non-survivors are shown in Table 1 . The median and interquartile range of age in survivors and non-survivors were 57 (47-66) and 66 (61-69) years (p=0.0141), respectively. Both groups (survivors and non-survivors) were predominated by males and characterized by a higher out-of-hospital cardiac arrest rate. The coronarography and clinical investigations showed acute coronary occlusion in 39 cases and dilated cardiomyopathy with malignant arrhythmias in seven cases in the background of cardiac arrest with similar distribution in survivors (n=20 coronary occlusion and n=4 dilated cardiomyopathy) and non-survivors (n=19 coronary occlusion and n=3 dilated cardiomyopathy). The cooling method was effective in survivors and non-survivors because the target temperature (32-34°C) was achieved and maintained for 24 h in both groups. There was no difference in the median of body temperature at baseline, at 6 and 24 h in survivors and non-survivors. Apart from age, severity scores, and complications, the baseline characteristics of the two groups were similar (Table 1) . The rates of complications such as bleeding (36.4 % vs. 8.3 %), and ischemia (27.3 % vs. 0 %) (mesenteric and extremities) were significant higher among non-survivors than in survivors. The infection rate was similar in survivors and non-survivors: 54 % vs. 41 % (p= 0.3945), respectively. Sepsis developed in nine patients: three cases in survivors and six cases among non-survivors.
Baseline characteristics of the control population Forty-six controls with a stable cardiovascular disease were selected for HSP70 measurement. We selected controls of matching gender and age (±2 years) before measuring HSP70. The median, and the interquartile range of age were 63 (54-68) years; 38 males and eight females were enrolled (in numbers equal to that of the study group). The ejection fraction of the control subjects was 58.5 (44.3-65.0) (median, 25th and 75th percentiles). The control patients had no prior cardiac arrest and did not receive hypothermia treatment.
Correction considering hemodilution
Total protein level in the serum decreased permanently in post-cardiac-arrest patients during the initial 24 h, due to excessive volume replacement. The medians and interquartile ranges of total protein concentrations were 60.3 (53.6-63.5), 55.3 (49.7-60.9) and 54.5 (48.3-58. 2) g/l, at 0, 6 and 24 h, respectively. Therefore, the changes in total protein (Fig. 1) . At 24 h, HSP70 levels were similar in the survivors and in the control group (p> 0.05, Mann-Whitney test), whereas a significant elevation was observed in non-survivors (as compared to controls) (p <0.001, Mann-Whitney test).
The associations of HSP70 levels with inflammatory and endothelial cell activation markers and severity scores Additional biomarkers of inflammation (CRP, TNF-alpha), endothelial cell activation (big Endothelin-1, sICAM-1, vWF), and neuronal damage (S100B) were studied. The most prominent differences in biomarker concentrations between non-survivors and survivors were observed at 24 h (Table 2 ). An increase of ET by 1.9-fold, a slight elevation of vWF, as well as 1.6-fold higher CRP and TNF-alpha were observed in non-survivors; however, sICAM-1 and S100B showed no significant differences. We analyzed the biological association of HSP70 levels at 24 h after cardiac arrest by performing a correlation analysis. Weak, significant positive correlations (all p<0.05) between HSP70 and ET (r = 0.3330), vWF (r = 0.3887), sICAM-1 (r=0.2942), CRP (r=0.2923), TNF-alpha (r= 0.3722) were observed at 24 h (Table 3 ) in all patients. We did not detect an association between HSP70 levels and APACHE II (r = 0.2734, p = 0.0660), or SAPS II (r = 0.2061, p=0.1694) scores.
Survival data
The 30-day survival rate was 0.522 in the whole study population (n=46). At discharge (mean 8.2 days after the admission), 41.3 % (n=19) of the patients had a favorable neurological outcome (Cerebral Performance Categories I or II), and 17 of them were alive at the follow-up visit on day 30. Kaplan-Meier survival analysis was done to describe mortality over time in the subsets of patients stratified according to median HSP70 level (0.74 ng/ml; Fig. 2a ). In our study, higher HSP70 levels were associated with an increased mortality (logrank test, p<0.001; Fig. 2a ) during the 30-day follow-up period. Additionally, we observed a linear trend in 30-day mortality rate, and HSP70 levels. As presented in Fig. 2b , the mortality rates increased gradually in the subsets with elevated HSP70 levels at 24 h (four subsets were created according to the 25th, median and 75th percentiles of HSP70, chi-square test for trend, p <0.001; Fig. 2b ). Besides HSP70 levels, age, severity scores, complications (Table 1) , and some of the biomarkers (Table 2) were associated with 30-day mortality in our patients. Therefore, multivariable Cox proportional hazards regression analysis was done to test the independence of the predictive power of HSP70. In the univariable model (Model 1, Table 4), HSP70 (measured at 24 h and considered as a continuous, 1 SD standardized parameter) significantly predicted the 30-day mortality (hazard ratio 1.926, 95 % CI 1.405-2.638 for 1 SD increase; Table 4 ). In the multivariable Cox analysis, the prediction of 30-day mortality by HSP70 was adjusted for age, and sex (Model 2, Table 4), severity (APACHE II score, Model 3, Table 4), and presence of complications (Model 4, Table 4.). It remained an independent, significant predictor of mortality in all models. Furthermore, adjusting these models for the biomarkers ET, vWF, CRP, TNF-alpha, Fig. 1 HSP70 (HSPA1A ) levels in the 46 control patients (Control) and the changes of HSP70 concentrations over time (at 0, 6 and 24 h) in the 24 survivors (white boxes), and in the 22 non-survivors (gray boxes), after a cardiac arrest. Median, 25th and 75th percentiles (boxes), minimum and maximum (whiskers) values are depicted. The p values of Friedman's ANOVA and Dunn's post-hoc test (*p<0.05, ***p<0.001, vs. 0 h) are indicated. HSP70 levels in post cardiac patient were significantly higher on admission (survivors and non-survivors) than in control group, MannWhitney's U-test, p<0.001) S100B and sICAM-1, yielded similar results (data not shown).
Discussion
The biochemical markers measured in blood samples are expected to serve as good predictors of clinical outcomes in comatose cardiac arrest patients after successful resuscitation. Moreover, they might prove even more straightforward in everyday clinical practice than neuroimaging or electrophysiological testing (Shinozaki et al. 2009 ). In the present study, we have analyzed for the first time HSP70 as a predictor of all-cause mortality in comatose, resuscitated patients, who have undergone hypothermia treatment.
HSP70 increases rapidly in response to various types of severe stress, as a protection against ischemic or hypoxic events. The possible role of HSP70 as a biomarker of cellular damage in ischemia of the brain and spinal cord has been reviewed recently (Hecker and McGarvey 2011) . HSP70 is particularly valuable as an immediate, secreted biomarker in cellular ischemia. In line with those observations, we found in our study high HSP70 levels in postcardiac-arrest patients on admission (Fig. 1 ). This elevation was most likely linked to necrotic cell death caused by severe hypoxia and ischemia, followed by reperfusion, and serve as danger signal. Indicating a complex inflammatory and stress response (known as the post-cardiac arrest syndrome), HSP70 levels showed associations with the biomarkers of the acute-phase reaction, inflammation, and endothelial-cell activation, namely, ET, vWF, sICAM-1, CRP, TNF-alpha (Table 3) . However, we did not find significant correlations between HSP70 and APACHE II or SAPS II scores, i.e., two correlates of clinical severity. In agreement with previous observations (Adrie et al. 2002) , we also found higher CRP, and S100B levels in nonsurvivors than in survivors, indicating that the severity of cellular damage and/or host response to this damage is detrimental, as regards survival. Considering these associations between the biomarkers and mortality, we performed Cox regression analysis to investigate the potential influence of the covariates. We established the persistently high level of extracellular HSP70 during the initial 24 h of care as an independent prognostic marker in post-cardiac-arrest patients (Table 4) . HSP70, when added to baseline predictive model (age, gender, severity and complications of postcardiac arrest syndrome), showed significant and independent improvement of the predictive model. This result may indicate that HSP70 as a danger signal is good additive marker of stress.
A large body of evidence from the literature shows that extracellular HSP70 is important as a useful biomarker in different clinical situations. Elevated HSP70 was demonstrated in the HELLP syndrome, and HSP70 levels were associated with an increased risk of several pregnancy Table 2 a Spearman's rank-order correlation coefficients (r) with p values are presented complications (Molvarec et al. 2010) . Furthermore, increased HSP70 levels were found in patients with advanced, chronic heart failure, and were correlated with the markers of heart function (Gombos et al. 2008) . Additionally, the role of HSP70 in the progression of vascular calcification was also demonstrated: HSP70 levels correlated with the severity of atherosclerosis in patients with carotid artery disease and chronic lower limb ischemia (Krepuska et al. 2011) . Increased levels of HSP70 were significantly associated with risk and disease severity in acute coronary syndrome (Zhang et al. 2010) . HSP70 was rapidly released into the circulation after myocardial infarction and the HSP70 levels correlated with the levels of troponin T and creatine kinase MB (Dybdahl et al. 2005) .The present study is similar, because in the background of cardiac arrest acute myocardial infarction was established in 85 % of patients, confirming that HSP70 is rapidly elevated after myocardial injury. Finally, elevated serum HSP70 levels in patients with severe traumatic brain injury were shown to predict poor outcomes (da Rocha et al. 2005) . These studies aggregately confirm that extracellular HSP70 is detectable in various forms of stress, and might gain wide acceptance in predicting the prognosis or determining risk status in the diseases mentioned above. In this study, we have shown that HSP70 is suitable to predict prognosis also in a post-cardiac-arrest population.
Conclusions
The persistently high level of extracellular HSP70 during the initial 24 h of therapeutic hypothermia is an independent prognostic marker of mortality in post-cardiac-arrest patients. HSP70 levels were associated with multiple biomarkers of the acute-phase reaction, inflammation, and endothelial-cell activation, indicating the presence of a complex stress response in these patients. Several limitations may apply to our study. Since therapeutic hypothermia is a guideline-based part of standard care, including a normothermic patient-control was not possible. Therefore, our study could not be designed to answer the question, why the high HSP70 level persists in a group of resuscitated people, and why is it associated with worse outcome. Our observations are limited by the small number of subjects; however, the statistical power of group estimations was sufficiently high in the case of HSP70 level and mortality (p=0.9, at alpha=0.05). Fig. 2 a Kaplan-Meier survival plots in the two patient subsets stratified according to median HSP70 (HSPA1A) levels at 24 h after a cardiac arrest. The p value of log-rank test is indicated. b Mortality rates (95 % CI) in the four subsets of post-cardiac-arrest patients stratified according to 24-h HSP70 (HSPA1A) levels (25th percentile, median, and 75th percentile). The p value obtained by chi-square test for trend is indicated (chi-square= 15.15, degrees of freedom=1) 
